(19) 



J 



Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 



(12) 



(11) EP 0 758 742 A2 

EUROPEAN PATENT APPLICATION 



(43) Date of publication: 

19.02.1997 Bulletin 1997/08 

(21) Application number: 96305377.2 

(22) Date of filing: 23.07.1996 



(51) Intel 6: G01M 11/00. G02B 7/28 



(84) 


Designated Contracting States: 


• Palmqulst, John Mark 




DE IT NL 


Lilburn, Georgia 30247 (US) 


(30) 


Priority: 02.08.1995 US 510219 


(74) Representative: Johnston, Kenneth Graham et al 






Lucent Technologies (UK) Ltd, 


(71) 


Applicant: AT&T IPM Corp. 


5 Mornington Road 




Coral Gables, Florida 33134 (US) 


Woodford Green Essex, IG8 OTU (GB) 


(72) 


Inventors: 




• 


Cslpkes, Andrei 






Lawrencevllle, Georgia 30243 (US) 





(54) Balanced focus system and method for achieving optimal focus of different areas of an 
object that are concurrently imaged 



(57) A balanced focus system and method achieve 
optimal focus of different areas of an object that are con- 
currently imaged and then combined to form a combined 
image. The balanced focus method is particularly suited 
for, but not limited to, use with an automatic inspection 
system for contactlessly measuring at an endface of an 
optical fiber termination the eccentricity of an optical fib- 
er core relative to a theoretical ideal center of an align- 
ment surface of the termination. The inspection system 
has an imaging system with a feature imager and one 
or more boundary segment imagers but preferably four 
in number, a focus adjustment mechanism (FAM) for ad- 
justing the position of the imagers relative to the imaged 
object along an optical axis, and a machine vision sys- 



tem for receiving image data from the foregoing imagers 
and configured to control the FAM. The feature imager 
is positioned to capture an image of the feature (e.g., 
fiber core endface), and the one or more boundary seg- 
ment imagers are positioned to capture an Image of a 
corresponding boundary segment of the object (e.g., 
termination endface). The machine vision system deter- 
mines the eccentricity based upon the feature image 
and the one or more boundary segment images. Signif- 
icantly, the machine vision system employs the bal- 
anced focus system and method to achieve an optimal 
focus position for the imaging system based upon a se- 
ries of combined images and a statistic S that is com- 
puted for each of the sampling locations. 
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Description 

Field of tlie Invention 

The present invention generally relates to measure- 
ment, testing, and quality control systems, and more 
particularly, to a balanced locus system and method for 
achieving optimal focus o1 different areas of an object 
that are concurrently imaged and then combined to form 
a combined image. The balanced focus method is par- 
ticularly suited for, but not limited to, use with an auto- 
matic inspection system for contactlessly measuring the 
degree of offset of a central feature ot an object. An ap- 
plication of the automatic inspection system is measur- 
ing at an endface of an optical fiber termination the ex- 
tent of offset, or eccentricity, ot an optical fiber core rel- 
ative to a theoretical idea! center of an alignment surface 
ot the termination, where the core is extremely smaller 
in size than the alignment surface of the termination. 

Baclcground Ot The Invention 

An optical fiber cable used for communications in- 
cludes an optical fiber. The optical fiber has a core that 
communicates light and cladding that surrounds and 
protects the core. The cladding is in turn covered with 
one or more coating, insulating, shielding, and/or sup- 
port layers to complete the cable. Considering that a typ- 
ical optical fiber core may measure only about 8 to 50 
microns in diameter, the connection of two optical fiber 
cables so that their cores are precisely aligned is a for- 
midable task. 

In order to establish such a precise connection be- 
tween optical fibers to be coupled, several different con- 
nection configurations have been developed in the art. 
One known configuration for establishing a connection 
between optical fibers is referred to as a ferrule connec- 
tion. An example of a ferrule connection is shown and 
described in both U.S. Patent No. 4,738,508 to 
Palmquist and U.S. Patent No. 4.738,507 to Palmquist. 
Another known configuration is referred to as a biconic 
connection. An example of a biconic connection is 
shown and described in U.S. Patent No. 4.787,698 to 
Lyons et al. 

In both of the aforementioned connection configu- 
rations, the ends of the optical fiber cables to be joined 
are terminated, and the terminations are provided with 
a surrounding support material, or plug. To enable opti- 
mal performance and minimize light energy losses and 
reflections, the termination endfaces of the separate op- 
tical fiber terminations should be coupled so that the 
cores of the respective endfaces are precisely aligned. 
To achieve this end, the termination endfaces are joined 
by a coupling structure, which engages and aligns re- 
spective alignment surfaces on the corresponding ter- 
mination plugs. In the case of a ferrule termination, the 
alignment surface is a generally cylindrical outermost 
boundary surface of the plug, which measures about 
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2500 microns in diameter. Moreover, in the case of a 
biconic termination, the alignment surface is a bevelled 
chamfer with an endface measuring about 4400 mi- 
crons. Successful assembly of a fiber termination for 

5 one of the aforementioned connections requires that the 
endface of the core be disposed very close to the center 
of the termination endface. The core endface (about 8 
to 50 microns in diameter) is much smaller in diameter 
than the temnination alignment surface (about 2500 ml- 

10 crons in the case of a ferrule termination and about 4400 
microns in the case of a biconic termination). Moreover, 
the offset, or eccentricity, of the core relative to the align- 
ment surface should not exceed a micron on each of the 
two mating terminations. To achieve the foregoing pre- 

15 cision, it is desirable to measure the eccentricity within 
a precision ot about 0.1 micron. Several known prior art 
methods for measuring the eccentricity are described 
hereafter. 

A first method involves digitizing points on the 
20 boundary of the core endface and of the termination 
endface by moving the termination endface relative to 
a toolmaker's microscope with the termination axis dis- 
posed parallel to the viewing axis of the toolmaker's mi- 
croscope. Mathematical equations are then fitted to the 
25 digitized points in order to determine the centers of the 
core and termination. The distance between these two 
center points is defined as the eccentricity. 

A second method of measuring the eccentricity in- 
volves viewing the core under a high power microscope, 
30 while the termination is rotated in a fixture, such as a V- 
shaped support block. The movement of the core is 
measured as the termination is rotated about its longi- 
tudinal axis. The locus of points defining the center of 
the core is, in general, circular as the termination is ro- 
35 tated, and the radius of the circle is equal to the eccen- 
tricity. The aforementioned technique is described in 
more detail in U.S. Patent No. 4,787,698 to Lyons etai, 
relative to a biconic connection, and in U.S. Patent No. 
4,738.508 to Palmquist, relative to a ferrule connection. 
40 A third method of measuring the eccentricity focus- 
es upon measuring the effect of eccentricity and in- 
volves interconnecting the termination under test to a 
reference connector, sometimes referred to as a "golden 
connector." that is known to have negligible eccentricity. 
45 After establishing the connection with a coupling struc- 
ture, the light transmission therethrough is measured. 
The eccentricity is determined based upon the loss of 
light and one or more mathematical equations that de- 
fine the light loss as a function of the eccentricity. 
so A fourth method, which is basically obvious but has 
not been demonstrated successfully to date for reasons 
set forth hereafter, involves obtaining an image of the 
entire termination endface and fitting points to the 
boundaries of the core and termination. After generating 
55 the foregoing image, the offset can then be directly com- 
puted using known mathematical techniques. For in- 
stance, the offset can be determined by first fitting cir- 
cles to the boundary pixels and core pixels, respectively, 
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then determining the circle centers, and finally, the offset 
can be calculated as the displacement between the cir- 
cle centers. 

However, at present, the foregoing nnethod cannot 
be practically implemented because of the extreme dis- 
parity in size between the core endface (about 8 microns 
in diameter) and the termination endface (2500 microns 
in diameter). Unfortunately, conventional machine vi- 
sion systems have a standard resolution of typically 51 2 
X 51 2 picture elements (pixels) and thus would have in- 
adequate resolution to precisely locate the core with the 
desired resolution. More specifically, with the termina- 
tion endface measuring 2500 microns in diameter, each 
pixel would represent about 5 microns. The core, with a 
diameter of for instance about 8 microns, would span 
only 1 to 2 pixels, and consequently, the process of lo- 
cating the core to the requisite precision of 0.1 micron 
would be impossible. Locating the termination to a pre- 
cision of 0. 1 micron would require a subpixel resolution 
of about 1/50th of a pixel, which is generally not consid- 
ered to be a routinely achievable practice in the machine 
vision art. Moreover, if an image of the termination end- 
face is magnified to the extent that the core represents 
an adequate number of pixels, the termination boundary 
would no longer be present in the image and its position 
cannot be ascertained with accuracy. Furthermore, to 
further complicate imaging, the termination boundary 
and core boundary are not generally coplanar. 

Hence, a heretofore unaddressed need exists in the 
industry for a system of contactlessly measuring the ec- 
centricity of an optical fiber termination that is accurate 
within at least 0. 1 micron, is less labor intensive, less 
material Intensive, and less expensive than presently 
known systems. More particularly, a system is needed 
for contactlessly measuring the eccentricity of an optical 
fiber termination to a precision of at least 0.1 micron 
without the requirement of moving the termination on a 
coordinate measuring system such as a toolmaker's mi- 
croscope, without the requirement of rotating the termi- 
nation about its longitudinal axis to observe relative core 
movement, and without the requirement of connecting 
the termination to a transmission measurement test set 
in order to measure the light loss caused by misalign- 
ment. 

Summary Of The Invention 

The present invention provides a balanced focus 
system and method for achieving optimal focus of dif- 
ferent areas of an object that are concurrently imaged 
and then combined to form a combined image. The bal- 
anced focus method is particularly suited for, but not lim- 
ited to, use with an automatic inspection system for con- 
tactlessly measuring the degree of offset of a central 
feature of an object. An application of the automatic in- 
spection system is measuring at an endface of an optical 
fiber termination the extent of offset, or eccentricity, of 
an optical fiber core relative to a theoretical ideal center 



of an alignment surface of the termination, where the 
core is extremely smaller in size than the alignment sur- 
face of the termination. In this context. It should be noted 
that the core is extremely smaller (typically between 
5 about 50 and 300 times for a ferrule termination and 
about 80 and 550 times for a bicontc termination) in size 
than the alignment surface of the termination. 

The inspectbn system generally comprises (a) an 
imaging system with a feature imager and one or more 

10 boundary segment imagers but preferably four in 
number and (b) a machine vision system connected to 
the foregoing imagers of the imaging system. The fea- 
ture imager is positioned to capture an image (feature 
image) of the feature (e.g., fiber core), and the one or 

IS more boundary segment innagers are positioned to cap- 
ture an image of a boundary segment of the object (a 
g., a termination endface). In the case where the object 
is a termination, the feature is the core and the boundary 
segment is the endface boundary of the alignment sur- 

20 face, which is a generally cylindrical outermost bound- 
ary surface of the plug in the case of a ferrule termination 
and which is a bevelled chamfer in the case of a biconic 
termination. Finally, the machine vision system deter- 
mines the offset (e.g., eccentricity in the case of a ter- 

25 mination endface) based upon the feature image and 
the one or more boundary segment images. 

Preferably, the feature imager and each boundary 
segment imager comprise a respective lens. Each 
boundary segment lens is situated in a first plane and 

30 the feature lens is situated in a second plane that is sub- 
stantially parallel to the first plane. Moreover, the first 
and second planes are separated by a distance that cor- 
responds to a longitudinal spacing between the feature 
and the boundary of the object. Furthermore, a camera. 

3S for example, a charge couple device (CCD), is situated 
adjacent the lenses to simultaneously receive a multi- 
plicity of images that are produced from the feature and 
t)oundary segment lenses, to thereby form a combined 
image. Finally, in the preferred embodiment, an objec- 

^0 tive lens and a collector lens are disposed on either side 
of the imager lenses so that each of the boundary seg- 
ment lenses inverts and folds inwardly its respective 
boundary segment, while the feature lens passes its im- 
age in an noninverted state to the camera. 

45 The machine vision system of the inspection sys- 
tem employs and is driven by an inspection method, 
which computes the degree of offset of the feature of 
the object under test from the theoretical ideal center 
^ideai Object, The inspection method can be 

so broadly summarized as follows. The termination end- 
face is exposed to the boundary segment imager(s) and 
the feature imager of the imaging system The boundary 
segment imager(s) produces a boundary segment im- 
age that is representative of a boundary segment of the 

ss alignment surface. Moreover the feature imager gener- 
ates a feature Image that is representative of the feature 
of interest. In the preferred embodiment, the images are 
combined into a single combined image, and an electri- 
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cal signal indicative of the combined image is passed 
onto the machine vision system for analysis. Altemative- 
i« each of the imagers may generate a separate elec- 
• si signal representative of its respective area of in- 
ie:.3St, and the separate electrical signals are passed 
onto the machine vision system, where the electrical sig- 
nals are used to construct the combined image in soft- 
ware or firmware for analysis. 

From the combined image, the machine vision sys- 
tem determines the offset, or eccentricity, of the feature 
relative to the alignment surface as follows. A curve (e. 
g,, a circle of known diameter) is fitted to each boundary 
segment captured by each boundary segment imager 
36. A termination endface center Ttest 's mathematically 
identified based upon the one or more fitted curves. 
Generally, the more cun/es that are utilized, the more 
accurate wilt be the determination of the theoretical ter- 
mination endface center T^^^. In the preferred ebodi- 
ment. there are four boundary segment imagers and as 
a result, there are four circles fitted to the alignment sur- 
face. Moreover, the actual core endface center C^est of 
the object under test is determined using any appropri- 
ate analysis of the combined image, for example but not 
limited to, gradient analysis. 

The eccentricity is determined using one of two em- 
bodiments (first embodiment of calibration and eccen- 
tricity determination of Figs. 11-13; second embodiment 
of calibration and eccentricity determination of Figs. 
1 4-1 6) that are described in detail later in this document. 
In the first embodiment, an eccentricity vector e is de- 
termined by comparing a distance vector d,est (vectors 
are indicated in bold herein; dteot has a magnitude and 
a direction) with a distance vector di^eai- "^^e distance 
vector diesi represents the displacement between the 
core endface center C^^^^ and the termination endface 
center 1^^^ both corresponding with a test termination. 
The distance vector dy^ai represents the displacement 
between an ideal core endface center Ci^eai 'd®^' 
termination endface center Tj^jeah corresponding 
with an ideal temiinatlon (/ ©., characterized by de min- 
imis eccentricity) and stored during Initialization of the 
inspection system. The magnitude of the eccentricity 
vector e Is the desired eccentricity value, and the angle 
of the eccentricity vector e reflects the angle of the ec- 
centricity. 

In the second embodiment (best mode), the eccen- 
tricity is determined first by drawing radial lines outward- 
ly from the core endface center 0^3^ and positioning 
each fitted circle center on a respective radial line. Fur- 
ther, the intercept points where the radial lines intersect 
the fitted circles are identified and compared to Ideal in- 
tercept points corresponding to an ideal termination 
endface center Tj^eai. A transformation map (lookup ta- 
ble or equation) having the ideal intercept points is gen- 
erated during Initialization of the Inspection system, and 
the ideal intercept points are retrieved In operation 
based upon the core endface center 0^5,. Finally, the 
eccentricity is determined by comparing the ideal inter- 



cept points with the actual intercept points. 

When more than one boundary segment imager is 
utilized, the machine vision . item may employ the bal- 
anced focus method for acn^.^y/ing optimal focus of the 

5 different boundary segments of the object when the 
combined image is formed. The balanced focus method 
is incorporated into the inspection method and compris- 
es the following steps: (a) generating a series of com- 
bined images by the following steps: (1 ) moving the ob- 

10 jective incrementally along an axis (zax\s herein) rela- 
tive to the object; (2) capturing concurrently respective 
images of the different areas of the object with the opti- 
cal system when the objective resides at various sam- 
pling locations abng the axis; and (3) combining the re- 

is spective images corresponding with particular sampling 
locations of the objective so that the respective images 
appear as portions of each of the combined images; and 
(b) determining an optimal focus position for the optical 
system along the axis (zaxis herein) based upon the 

20 series of the combined Images. 

Furthermore, the step (b) in the balanced focus 
method can be accomplished by the following steps: (1 ) 
defining search areas In each of the combined Images 
that encompass and correspond with the Image areas; 

2S (2) identifying pixel kx:ations in each of the search areas 
that exhibit a maximum gradient and that exceed a pre- 
determined threshold; (3) determining a number of pixel 
locations that are identified for each of the search areas 
to produce pixel sums corresponding to the search ar- 

30 eas respectively; (4) computing a statistic S for each of 
the sampling locations by mathematically combining the 
pixel sums; and (6) determining an optimal sampling lo- 
cation for the objective based upon a local minimum of 
the statistic S. 

3S The novel balanced focus system and method of 
the present invention have many advantages, a few ex- 
amples of which are set forth hereafter. 

Another advantage of the balanced focus system 
and method is that they enable accurate measurement 

40 of an offset of a central feature of the object with a very 
high precision of typically less than 0.1 micron. 

Another advantage of the balanced focus system 
and method Is that they enable In-focus imaging of an 
object feature and a boundary segment of the object in 

45 a single image, even though the feature and segment 
are not in the same focal plan. This feature is particularly 
useful when determining the eccentricity of an optical 
fiber core at the endface of a ferrule termination, be- 
cause the ferrule termination has a bevelled chamfer 

so with a core and boundary segments residing in different 
focal planes. 

Another advantage of the balanced focus system 
and method is that they enable implementation of a very 
accurate automatic inspection system for measuring the 

55 eccentricity of an optical fiber core at a termination (©. 
g., ferrule type or b iconic type). 

Other features and advantages of the present in- 
vention will become apparent to one with skill in the art 
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upon examination of the following drawings and detailed 
description. It is intended that all such additional fea- 
tures and advantages be included herein within the 
scope of the present invention, as is defined by the 
claims. 

Brief Description Of The Drawings 

The present invention can be better understood 
with reference to the following drawings. The drawings 
are not necessarily to scale, emphasis instead being 
placed upon clearly illustrating principles of the present 
invention. Moreover, in the figures, like reference nu- 
merals designate corresponding parts throughout the 
several views. 



that can be formed and analyzed by the inspection 
system of Fig. 2; particularly, Fig. 9 A shows a com- 
bined image derived from a core image and an in- 
verted boundary segment image; Fig. 9B shows a 

5 combined image derived from a core image and a 
noninverted boundary segment image; Fig. 9C 
shows a combined image (best mode) derived from 
a core image and four inverted boundary equally- 
spaced segment images; and Fig. 90 shows a com- 

10 bined image derived from a core image and four 
noninverted equally-spaced boundary segment im- 
ages; 

Figs. 10A and 10B show a flow chart illustrating an 
inspection method of the present invention that is 
IS employed by and drives the nnachine vision system 
in the inspection system of Fig. 2; 
Figs. 11 and 12 show a first embodiment for calibra- 
tion and eccentricity determination in the inspection 
method of Figs. 10A and 10B; specifically, Fig. 11 
shows a calibration method, and Fig. 1 2 shows a 
corresponding eccentricity determination method; 
Fig. 13 shows a graph that illustrates the first em- 
bodiment for calibration and eccentricity determina- 
tion of Figs. 1 1 and 1 2; 

Figs. 14 and 15 show a second embodiment (best 
mode) for calibration and eccentricity determination 
in the inspection method of Figs. 1 0A and 10B; spe- 
cifically, Fig. 14 shows a calibration method, and 
Fig. 1 5 shows a corresponding eccentricity deter- 
mination method; 

Fig. 1 6 is a schematic view of the combined image 
(best mode) of Fig. 9C showing how a theoretical 
ideal center Cj^aj of an ideal termination is used to 
create a transformation map and how an eccentric- 
ity is determined from the core endface center 
of a test termination based upon the transformation 
map, in accordance with the second embodiment 
for calibration and eccentricity determination of 
Figs. 14 and 15; 

Figs. 17A and 178 show a flow chart illustrating a 
balanced focus system and method of the present 
invention that can be utilized in conjunction with the 
inspection method of Figs. lOAand 1 0B for optimiz- 
ing the eccentricity computation; and 
Fig. 1 8 is a graph showing a statistic S that is utilized 
in the balanced focus method of Figs. 1 7A and 1 78. 

Detailed Description Of The Preferred Embodiments 

Although not limited to this particular application, 
the inspection system of the present invention are par- 
ticularly suited for contactlessly and nondestructively 
measuring at an endface of an optical fiber termination 
the extent of offset, or eccentricity, of an optical fiber 
core relative to a center of the termination. In this appli- 
cation, the optical fiber core is extremely smaller (typi- 
cally between about 50 and 300 times) in size than the 
outermost termination boundary. For the sake of clarity. 



Fig. 1 A is a perspective view of a conventional fer- 
rule type optical fiber termination, as an example of 
an object to be analyzed in accordance with the 
present invention; 20 
Fig. 1 B is an endface view of the termination of Fig. 
1A; 

Fig. 1 C is a cross sectional view of an optical fiber 
that is within the termination of Fig. 1A, showing a 
central optical fiber core and surrounding cladding; 2S 
Fig. 1 D is a cross sectional view of a coupling struc- 
ture for connecting separate ferrule terminations of 
Fig. 1 A and 1 B; 

Fig. 2 is a block diagram illustrating the inspection 
system and method; 30 
Fig. 3A is a block diagram illustrating a first embod- 
iment of the inspection system of Fig. 2; 
Fig. 38 is a block diagram of a best mode for prac- 
ticing the first embodiment of Fig. 3A; 
Fig. 3C is a front view of a novel lens configuration 3S 
employed in the best mode embodiment of Fig. 38 
taken along line 3C'-3C'; 

Fig. 4A is a block diagram illustrating a second em- 
bodiment of the inspection system of Fig. 2; 
Fig. 48 is a block diagram illustrating placement of 40 
boundary segment imagers in the second embodi- 
ment of the inspection system of Fig. 4A; 
Fig. 5 is a block diagram illustrating a third embod- 
iment of the inspection system of Fig. 2; 
Fig. 6 is a block diagram illustrating a fourth emt>od- 
iment of the inspection system of Fig.2; 
Fig. 7A is a front view of an alignment apparatus for 
aligning a ferrule optical fiber termination to be an- 
alyzed by the inspection system of Fig. 2; 
Fig. 78 is a cross-sectional view of the alignment so 
apparatus of Fig. 7A taken along line 7B'-7B'; 
Fig. 7C is a rear perspective view of the alignment 
apparatus of Fig. 7A; 

Fig. 8 is a schematic diagram illustrating the termi- 
nation endface and the various separate regions ss 
that are imaged by the inspection system of Fig. 2; 
Figs. 9A through 9D are schematic diagrams of 
combined images (and perhaps display images) 
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an optical fiber termination for a ferrule connection is 
illustrated in the views of Figs. 1A and IB, and the in- 
spection system will be described in the context of im- 
aging the aforementioned specific type of termination. 
Note that the biconic termination that Is described here- 
after is disclosed in more detail in U.S. Patent No. 
4.738.508 to Palmquist and U.S. Patent No. 4,738,507 
to Palmquist. Further note that the inspection system 
may be used for determining the eccentricity of other 
types of terminations, including particularly the termina- 
tion used in a biconic connection, as described in U.S. 
Patent No. 4,787,698 to Lyons et ai. 



I. OPTICAL FIBER TERMINATION AND 
MEASUREMENT OF ECCENTRICITY 

Fig. 1 A illustrates a ferrule termination 21 . The fer- 
rule termination 21 includes a generally-cylindrical outer 
support layer, or plug. 22 surrounding a generally cylin- 
drical internal optical fiber 24. An endface 21' of the ter- 
mination 21 includes a plug endface 22' situated about 
an optical fiber endface 24'. The endfaces 22*. 24' col- 
lectively fonm a generally continuous spherical curva- 
ture (typically a radius of about 1 8 mm) that is transverse 
to the longitudinal zaxis of the fiber 24. The termination 
endface 21' further comprises a beveled chamfer 22' 
situated between the plug endface 22* and a cylindrical 
outermost plug boundary surface 22". which will be re- 
ferred to as an alignment surface because It is engaged 
and guided by a coupling structure in a connection to 
Insure alignment of separate temninations 21 . The bev- 
eled chamfer 22" is generally conically annular about 
and symmetric with respect to the elongated optical fiber 
24. Further, the alignment surface 22" nneasures typi- 
cally about 2500 microns in the ferrule temiination 21 of 
the preferred embodiment. 

The optical fiber 24 includes an outer elongated 
cladding layer 27 and an internal elongated cylindrical 
core 28 having a core endface 28', as illustrated in Figs. 
1 B and 1 C. The core generally measures approximately 
between 8 and 50 microns. Hence, the core is much 
smaller (typically between about 50 and 300 times for a 
ferrule termination and about 80 and 550 times for a bi- 
conic termination) than the alignment surface 22" of the 
plug 22. 

In a connection of two separate terminations 21 , to 
enable optimal performance and minimize light energy 
losses and reflections, the termination endfaces 21' of 
the separate terminations 21 should be coupled so that 
the cores endfaces 28' of the respective endfaces 2V 
are precisely aligned. To achieve this end, the termina- 
tion endfaces 21 ' are joined by a coupling stnjcture 26, 
shown in cross section in Fig. 1 D, which engages and 
aligns respective alignment surfaces 22"' on the corre- 
sponding termination plugs. Usually the coupling struc- 
ture 26 comprises a generally cylindrical sleeve 29 or 
equivalent thereof. An example of a coupling structure 
26 having the sleeve 29 Is described in U.S. Patent No. 



4,738,508 to Palmquist. In the case of a ferrule termina- 
tion, the tenmination has an outer alignment surface 22"' 
of about 2500 microns in diameter that is aligned and 
guided by the coupling structure 26. 

5 In order to further insure proper alignment of the 

core endfaces 28' of terminations 21 in an optical fiber 
termination connection, the core endface 28' of each ter- 
mination 21 should be disposed very close to the center 
of the termination endface 2V. The eccentricity of ater- 

10 mination is generally a measurement of the deviation of 
the core endface 28' from the center of the termination 
alignment surface. The concept of eccentricity is more 
fully described hereafter in relation to Fig. IB. For pur- 
poses of clarity and understanding, the eccentricity as- 

is soclated with the termination 21 Is visually exaggerated. 
Herein, the eccentricity is defined as the deviation or dis- 
placement of the core endface 28* corresponding to the 
test termination 21 and having center Cj^st ^^om the the- 
oretical ideal center Cj^eai ^f the endface area defined 

20 by the alignment surface 22"'. As described previously, 
the eccentricity of the core endface 28* relative to the 
alignment surface 22"' should not exceed a micron on 
each of two mating terminations 21 In order to achieve 
optimal performance. To achieve the foregoing preci- 

2S slon. It is desirable to measure the eccentricity within a 
precision of about 0.1 micron. 

It should be noted that the detenmination of eccen- 
tricity in the ferrule termination is slightly different than 
the detenmination of eccentricity in the biconic termina- 

30 tion. More specifically, in a biconic termination, the align- 
ment surface Is the bevelled chamfer Itself, which is a 
much larger region than the bevelled chamfer in the fer- 
rule termination, and the boundary of interest for deter- 
mining eccentricity is the boundary where the plug end- 

3S face meets the bevelled chamfer. Moreover, the diame- 
ter of the foregoing boundary Is typically about 4400 mi- 
crons. 



40 



II. AUTOMATIC INSPECTION SYSTEM 



A. Architecture 



An automatic inspection system 30 in accordance 
with the present invention is illustrated by way of a block 

45 diagram in Fig. 2. The automatic inspection system 30 
can be used to accurately determine an offset of a fea- 
ture (e.g., fiber core) of an object (e.g., optical fiber ter- 
mination) from the theoretical Ideal center Cj^eal 
object without destruction of or contact with the object. 

so It should be noted that the discussion hereafter relative 
to the inspection system 30 Is also applicable to the spe- 
cific implementations (/.©., inspection systems 3Ci. 
30a'. 30b, 30c, 30d) of the system 30 that are described 
later In this document. 

55 In architecture, the inspection system 30 has an im- 
aging system 32. The imaging system 32 has one or 
more boundary segment Imagers 36 (preferably four 
spaced equidistant around the alignment surface 22"*: 
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only one is shown in Fig. 2 and in the specific impiemen- 
tations merely for simplicity) and a feature imager 38. 
Each boundary segment imager 36 is configured to cap- 
ture an image of a respective boundary segment of the 
alignment surface 22"', as indicated by phantom lines in 
Fig. 2. Moreover, the feature imager 38 is configured to 
capture an image of the feature at issue, which may ex- 
hibit an offset from the alignment surface 22"'. The im- 
agers 36, 38 can be any suitable apparatus, convention- 
al or custom made, for receiving an optical Image as de- 
scribed and converting the optical image into an electri- 
cal signal for processing. Further, the imagers 36, 38 
may share hardware, as will be further clear after the 
discussion of the specific implementations. 

When the inspection system 30 is utilized to image 
a ferrule termination endface 21 it is desirable to recess 
(by approximately 0.5 mm) the feature Imager 38 slightly 
behind the boundary segment imager 36 from the ter- 
mination endface 21 ' so as to accommodate for the dif- 
ference in focal plane between the feature (termination 
core) and the boundary segment(s) on the termination 
endface 21'. This configuration enables optimal focus- 
ing of the termination endface 2V and more accurate 
determination of the eccentricity. 

A machine vision system 34 is interconnected with 
the optical system 32 for processing the aforementioned 
image information. The machine vision system 34 can 
be any suitable logic, processor, or computer that is con- 
ventional or custom made and that is configured to proc- 
ess the electrical signals 42, 44 from the respective im- 
agers 36, 38. In the preferred embodiment, the machine 
vision system 34 executes and is driven by an inspection 
method 140 (Figs. 10A-10B), preferably in the form of 
an executable software program 

The imaging system 32 is interconnected with and 
is selectively moved by an automatic focus adjustment 
mechanism (FAM) 39, which in turn is controlled by the 
machine vision system 34 as indicated by reference ar- 
row 41 . The FAM 39 is interfaced with the optical system 
32 so that the Imagers 36, 38 can be moved, individually 
or collectively, to or from the respective areas to be im- 
aged on the termination endface 21' so as to focus in 
the respective areas for precise imaging and for precise 
analysis by the machine vision system 34. 

Optionally, an output device 46 may be employed 
and connected to the machine vision system 34, as is 
indicated by the reference arrow 47. The output device 
46 can be any suitable mechanism for supplying infor- 
mation to the user. For example, the output device 46 
can be a conventional display or printer. Aside from re- 
ceiving diagnostic and operational parameters and per- 
haps an initiation signal from the user, the inspection 
system 30 as well as the specific implementations there- 
of are fully automatic. In fact, the inspection systems as 
described herein can be set up to completely automat- 
ically communicate to another automated system. 

An input device 48. which is also optional, can be 
any suitable mechanism for receiving prompts or infor- 



matbn from the user and conveying the information to 
the machine vision system 34, as indicated by the ref- 
erence arrow 49. As examples, the input device 48 can 
be a conventional computer keyboard, mouse, trackball, 
5 eta 

Depending upon the lighting conditions around the 
object under test, the object may need to be affirmatively 
Illuminated with a light source. In the preferred embod- 
iments, the optical fiber termination 21 is illuminated with 
any suitable light source so that images can be captured 
by the imagers 36, 38. Several lighting embodiments (a 
g.. Fig. 7B) will be described hereinafter 

The inspection system 30 may be mounted in a 
commercial scale optical fiber manufacturing facility or 
other facility for monitoring the quality control of optical 
fiber terminations 21 . Moreover, the termination 21 un- 
der test can be disposed in view of the imaging system 
32 by manual human manipulation or, alternatively, by 
an automated mechanism As an example, the termina- 
tion 21 couki be situated upon a conveyor, atong with 
perhaps many other terminations 21 situated in series, 
and moved in front of the imaging system 32 so that a 
measurement can be automatically made by the inspec- 
tion system 30. 

B. Operation 

When the inspection system 30 is in operation, the 
termination endface 21 ' is exposed to the boundary seg- 
ment imager(s) 36 and the feature Imager 38 of the im- 
aging system 32. The boundary segment image r(s) 38 
produces a boundary segment image that is represent- 
ative of a boundary segment of the alignment surface 
22"'. Moreover, the feature imager 38 generates a fea- 
ture image that is representative of the feature of inter- 
est. As indicated by reference numerals 42, 44, 45 in 
Fig. 2. in the preferred embodiment, the Images are 
combined into a single combined image, and an electri- 
cal signal indicative of the combined image is passed 
onto the machine vision system 34 for analysis. Alter- 
natively, each of the imagers 36, 38 may generate a sep- 
arate electrical signal representative of its respective ar- 
ea of interest, and the separate electrical signals are 
passed onto the machine vision system 34, where the 
electrical signals are used to construct the combined im- 
age in software or firmware for analysis. 

From the combined image, the machine vision sys- 
tem 34 determines the offset, or eccentricity, of the fea- 
ture relative to the alignment surface 22"' as follows. A 
curve {e.g., a circle of known diameter) is fitted to each 
boundary segment captured by each boundary segment 
imager 36. A termination endface center T^^^ is mathe- 
matk:ally identified based upon the one or more fitted 
curves. Generally, the more curves that are utilized, the 
more accurate will be the determination of the theoreti- 
cal termination endface center T^^^. In the preferred em- 
bodiment, there are four boundary segment imagers 36 
and as a result, there are four circles fitted to the align- 
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ment surface 22". Moreover, the actual core endface 
center C,est object under test is determined using 
any appropriate analysis of the combined image, for ex- 
ample but not limited to. gradient analysis. 

The eccentricity is determined using one of two em- 
bodiments (first embodiment of calibration and eccen- 
tricity determination of Figs. 11-13; second embodiment 
of calibration and eccentricity determination of Figs. 
1 4-1 6) that are described in detail later in this document. 
In the first embodiment, an eccentricity vector e is de- 
termined by comparing a distance vector d^est with a dis- 
tance vector dj^eai- "^^^ distance vector d^si represents 
the displacement between the core endface center C^st 
and the termination endface center T,est. both corre- 
sponding with a test termination 21 . The distance vector 
djdeaJ represents the displacement between an Ideal 
core endface center C^^^l and an ideal termination end- 
face center Tj^,^,, both corresponding with an ideal ter- 
mination 21 (i.e., characterized by de /n/n/m/s eccentric- 
ity) and stored during initialization of the system 30. Fur- 
ther, a magnitude and angle for the eccentricity can be 
directly determined from the eccentricity vector o. 

In the second embodiment (best mode), the eccen- 
tricity is determined first by drawing radial lines outward- 
ly from the core endface center C^st positioning 
each fitted circle center on a respective radial line. Fur- 
ther, the intercept points where the radial lines intersect 
the fitted circles are identified and compared to ideal in- 
tercept points corresponding to an ideal temninatlon 
endface center Ty^^i ^ transformation map (lookup ta- 
ble or equation) having the ideal Intercept points is gen- 
erated during initialization of the inspection system 30, 
and the ideal intercept points are retrieved in operation 
based upon the core endface center Cjest- Finally, the 
eccentricity is determined by comparing the ideal inter- 
cept points with the actual intercept points. 

C First Embodiment Of The Ins pection Svstem 

A first embodiment of the inspection system 30 is 
illustrated in Fig. 3A and is generally denoted by refer- 
ence numeral 30a. Structurally, the inspection system 
30a comprises an imaging system 32 having an elon- 
gated, preferably cylindrical, microscope 51. which Is 
shown in cross section in Fig. 3 A situated along a lon- 
gitudinal z axis that Is generally In line with the termina- 
tion 21 (perpendicular to the termination endface 21'). 

The microscope 51 includes an objective 52 (one 
or more lenses or other optical elements) situated at a 
first end of the microscope 51 and adapted to capture 
images of the lenmination endface 21*. The microscope 
51 further comprises an arrangement 54 of secondary 
lenses situated near the longitudinal midpoint of the mi- 
croscope 51. The secondary lens arrangement 54 in- 
cludes a boundary segment lens 56 situated near an in- 
ternal periphery of the microscope 51 and a centrally- 
situated feature lens 58, which is disposed along the lon- 
gitudinal axis of the microscope 51 . The microscope 51 
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further includes a collector 62 (one or more lenses or 
other optical elements) positioned at a second end of 
the microscope 51 receive images from the second- 
ary lens arrangemen: 54 and to project a combined im- 
5 age through an opening 63 at the second end of the mi- 
croscope 51. A "combined image" herein means a sin- 
gle Image derived from the superimposition or combina- 
tion of twoor more other images via hardware, software, 
or combination thereof. The objective 52, the feature 
10 lens 58, and the collector 62 have their focal points po- 
sitioned and substantially aligned along acommon zax- 
is, while the boundary segment lens 56 has its focal 
point positioned along another z axis that is parallel to 
the common z axis. 
IS Because of the aforementioned lens arrangement 
In the microscope 51, the boundary segment appears 
Inverted In the combined image, while the feature ap- 
pears noninverted. In other words, the boundary seg- 
ment image that Is retrieved from the objective 52 is ef- 
20 fectively folded Inwardly toward the feature when the 
combined image is formed at the collector 62. Moreover, 
the feature Image is received by the centrally-situated 
feature lens 58 from the objective 52 and passed In a 
noninverted state to the collector 62, so that the feature 
2S appears noninverted in the ultimate combined image. 

A camera 64 Is connected to the second end of the 
microscope 51 and is positioned to receive the com- 
bined image from the collector 62 through the opening 
63. The camera 64 can be any suitable Imaging device 
30 for converting an optical image into an electrical signal, 
but is preferably a charge-couple device (CCD). The 
CCD camera 64 comprises a pixel array for receiving 
light. Moreover, the pixel array encodes the image by 
generating analog voltage signals proportional to the in- 
3S tensity of light at each pixel of the CCD. as is well known 
in the art. 

The machine vision system 34 receives the analog 
electrical signals that encode the combined image from 
the CCD camera 64, as is indicated by the reference 

40 arrow 45. As mentioned, the machine visk>n system can 
be implemented with any suitable logic, processor, com- 
puter, or a combination thereof. 

The microscope 51 is nnounted to the FAM 39. Un- 
der the control of the machine vision system 34 as indi- 

45 cated by reference arrow 41 , the FAM 39 can move the 
microscope 51 along its longitudinal z axis so that the 
lens configuration within the microscope 51 is moved to 
or from the termination endface 21'. A suitable FAM 39 
is a piezoelectric translator that can selectively move the 

so microscope 51 a distance based upon a closed loop 
control signal of voltage. 

1. Best Mode Embodiment Of The Invention 

55 Fig. 3B illustrates the best mode embodiment for 
practicing the present invention and, particularly, the 
best mode embodiment for practicing the first embodi- 
ment (the inspection system 30a of Fig. 3A). The best 
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mcxie embodiment is generally denoted by reference 
numeral 30a' in Fig. 3B. 

In structure, the inspection system 30a' is construct- 
ed in generally the same manner as the inspection sys- 
tem 30a (Fig. 3A). with the exception of the secondary 5 
lens arrangement 54. Thus, the previous discussion rel- 
ative to the system 30a, to the extent applicable, is in- 
corporated herein by reference and directed to the sys- 
tem 30a' of Fig. 3B. 

With respect to the secondary lens arrangement 54 io 
of the best mode embodiment of Fig. 3B, the arrange- 
ment 54 has four boundary segment lenses 56a-56d in 
a satellite configuration situated substantially equidis- 
tant around the centrally-situated feature lens 58 and 
along the internal periphery of the microscope 51. Fig. is 
3C is a front view of a novel lens configuration employed 
in the best mode embodiment of Fig. 38 taken along line 
3C'-3C' of Fig. 3B. From Fig. 3C, it is apparent that the 
boundary segment lenses 56a-56d are spaced about 90 
degrees apart about the central feature lens 58. Hence, 20 
in the best mode, four boundary segment imagers and 
a feature imager are implemented. 

Furthermore, because the inspection system 30 is 
utilized to image a ferrule termination endface 21', it is 
desirable to recess (by approximately 0.5 mm) the fea- 2S 
ture lens 58 slightly behind the plane of the boundary 
segment lenses 56a-56d from the termination endface 
21' so as to accommodate for the difference in focal 
plane between the termination core endface 28' and the 
alignment surface 22"' on the termination endface 21'. 30 
Thin configuration enables optimal focusing of the ter- 
mination endface 21' and more accurate determination 
of the eccentricity. 

In the best mode embodiment of Fig. 38, the objec- 
tive 52 and the secondary lenses 56a-56d, 58, and the 3S 
collector 62 have an effective magnification of 30x. The 
camera 64 is a CCD, such as a model KP-M1 . which is 
commercially available from Hitachi, Japan. 

The FAM 39 is a model P721 .00 piezoelectric trans- 
lator, which is manufactured by Physik Instrumente, 40 
Germany. The foregoing piezoelectric translator can se- 
lectively move the microscope 51 a distance of about 
100 microns (with a resolution of 3 about nanometers) 
based upon a closed loop control signal of voltage be- 
tween about 0 and 100 volts. When 0 volts is supplied 4S 
to the piezoelectric translator 72, the objective 52 is 
maintained at its greatest distance (is completely re- 
tracted) from its target along the z axis, whereas when 
100 volts is supplied to the piezoelectric translator 72, 
the objective 52 is the closest distance (full extension) so 
to the target along the z axis. 

The machine vision system 34 includes a general 
purpose computer 71, such as a model Globalyst 600 
computer, which is commercially available from AT&T. 
U.S.A. The computer 71 is equipped with a machine vi- ss 
sion processor 72, for example but not limited to, a mod- 
el ITI ITEXOFG (overlay frame grabber) image process- 
ing card that is commercially available from Microdisk. 
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Inc., U.S.A. The computer 71 and processor 72 commu- 
nicate, as is indicated by reference arrow 73 in Fig. 3B. 
The machine vision system 34 further includes an am- 
plifier 75 that is connected between the control line(s) 
of the computer and the FAM 39. The amplifier 75 re- 
ceives control signals, as delineated by reference arrow 
74, from the machine vision system 34, amplifies them, 
and provides amplified piezocontrol signals 41 within 
the voltage range of 0-1 00 volts to the piezoelectric FAM 
39, as indicated by the reference arrow 41. A suitable 
amplifier is a model E860. 10 amplifier manufactured by 
and commercially available from Physik Instrumente, 
Germany. 

D. Second Embodiment Of The Inspection System 

A second embodiment of the automatic inspection 
system 30 of Fig. 2 is Illustrated in Figs. 4A and 48, and 
is generally denoted by reference numeral 30b. The au- 
tomatic inspection system 30b comprises a feature Im- 
ager 38 and at least three boundary segment imagers 
36, only one of which is shown in Fig. 4A for simplicity. 
The feature imager 38 and the boundary segment im- 
agers 36 are mutually exclusive elements in hardware. 
The feature imager 38 is disposed over the core endface 
28* (see Fig. 1 B) and at a vantage point in line with the 
longitudinal z axis of the termination 21, while the 
boundary segment imagers 36 are disposed to view the 
alignment surface 22"" at an angle that is transverse and 
preferably perpendicular to the longitudinal z axis of the 
termination 21. 

At least three boundary segment imagers 36 are 
needed for curve fitting purposes, as will be further de- 
scribed hereafter. Further, the boundary segment imag- 
ers 36 are preferably spaced symmetrically about the 
longitudinal z axis of the termination 21. Thus, in the 
case where there are three boundary segment imagers 
36, as shown in Fig. 4B, adjacent boundary segment 
imagers 36 are spaced apart by an angle 8 equal to 
about 120 degrees. 

The feature imager 38 has an objective 81 suspend- 
ed in a microscope tube 82 and positioned to be ex- 
posed to the termination endface 21* of the terminatbn 
21 . The objective 81 can be any suitable lens configu- 
ration, but is preferably a single lens with a magnification 
of 40x and NA of 0.6. A FAM 39a is connected to the 
microscope tube 82 for moving the tube 82 and lens 81 
along an z axis aligned with the longitudinal axis of the 
termination 21 under the control of the machine vision 
system 34 as indicated by arrows 41 . 41 a. The FAM 39a 
can be a piezoelectric translator, for example but not lim- 
ited to, a model P721 .00 piezoelectric translator manu- 
factured by Physik Instrumente, Germany A micro- 
scope 86 (including one or more lenses or other optical 
elements) is connected to the FAM 39a for receiving an 
image from the objective 81 . The microscope 86 can be 
a model ME-3000, manufactured by Micro Enterprises. 
Inc.. U.S.A. A camera 88 is mounted to the microscope 
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86 and is configured to receive an optical image from 
the microscope 86 and convert the optical image into an 
electrical signal. The camera 88 is any suitable CCD, 
such as a model KP-Ml , which is commercially availa- 
ble from Hitachi, Japan. 

Each boundary segment imager 36 is constructed 
as follows. Each boundary segment imager 36 has an 
objective 81 suspended in a microscope tube 82 and 
positioned to be exposed to the termination endface 21' 
of the termination 21 . The objective 81 can be any suit- 
► able lens configuration, but is preferably a single lens 
with a magnification of 20x and NA of 0.4. A FAM 39b 
is connected to the microscope tube 82 for moving the 
tube 82 and lens 81 perpendicular to the longitudinal ax- 
is of the termination 21 under the control of the machine 
vision system 34 as indicated by arrows 41, 41b. The 
FAM 39b can be a piezoelectric translator, for example 
but not limited to, a model P721 .00 piezoelectric trans- 
lator manufactured by Physik Instrumente, Germany. 

An interferometric microscope 87 is connected to 
the FAM 39b for receiving an image from the objective 
81 . A suitable interferometric microscope 87 is the mod- 
el ME-3000C, which is manufactured by and commer- 
cially available from Micro Enterprises. Inc. U.S.A. The 
interferometric microscope 87 has an internal light 
source and an internal light reflection apparatus. It is 
known in the art that the interferometric microscope 87 
can be used to measure very small distances and thick- 
nesses using known wavelengths of light. Generally, in 
the interferometric microscope 87, a beam of light from 
the light source is separated into two opposing beam 
parts by partial reflections at the reflection apparatus. 
One beam part is projected against the target, returns 
to the interferometric microscope, and is reunited with 
the other beam part at the reflection apparatus. Because 
the beams have traversed different optical paths, the 
two components produce interference in the image of 
the target- Furthermore, the interference can be utilized 
to measure very small distances or thicknesses. 

A camera 88 is mounted to the interferometric mi- 
croscope 87 and is configured to receive an optical im- 
age (the combined image from the reflection apparatus) 
from the microscope 86 and convert the optical image 
into an electrical signal. The camera 88 is any suitable 
CCD. such as a model KP-Ml, which is commercially 
available from Hitachi, Japan. 

The machine vision system 34 is implemented with 
any suitable logic, processor, computer, or combination 
thereof, as previously described with reference to the 
first embodiment and best mode embodiment. The ma- 
chine vision system 34 is configured to construct a com- 
bined image from the electrical signals provided by the 
cameras 64 of the three boundary segment imagers 36 
and feature imager 38. The combined image includes 
the boundary segment{s) captured by the boundary 
segment imagers 36 and the feature captured by the 
feature imager 38. From this image, the eccentricity can 
be computed, as previously described. Note that in this 



embodiment that the boundary segment imagers 36 
provide absolute distances. Moreover, boundary pixels 
are identified from the absolute distances measured by 
the boundary segment imagers 36. and a circle or other 
5 appropriate cun/e is fitted to the boundary pixels in order 
to determine Ti^^ai* ^test- 

E. Third Embodiment Of The Inspection Svstem 

10 A third embodiment of the automatic inspection sys- 
tem 30 of Fig. 2 is illustrated in Fig. 5 and generally de- 
noted by reference numeral 30c. 

In the automatic inspection system 30c, each of the 
one or more boundary segment imagers 36 comprises 
IS a prism 91 positioned to capture a boundary segment 
image, an objective 92 mounted in relationship to the 
prism 91 to receive the boundary segment image: and 
a camera 64 lor receiving the boundary segment image 
from the objective 92. In the preferred embodiment of 
20 the inspeclton system 30c, the prism 91 associated with 
each boundary segment imager 36 is a mirror prism hav- 
ing a silvered back adapted to communicate a boundary 
segment image at approximately a 90** angle toward the 
objective 92. In other words, the angle ^ between the 
2S incident light and objective axis is about 90*. Further, 
the camera 64 is preferably a CCD. for example but not 
limited to, a Hitachi model KP-Ml CCD. 

The feature imager 38 of the inspection system 30c 
includes an objective 95 positioned along an axis 
30 aligned longitudinally with the termination 21 in order to 
capture an image of the feature of interest and pass the 
feature image to the camera 64, for example but not lim- 
ited to. a Hitachi model KP-M1 CCD. Furthermore, the 
imaging system 32 is moved relative to the termination 
3S 21 for focusing purposes via a FAM 39. 

The FAM 39 is adapted to move the entire imaging 
system 32, including the prism(s) 91. objective(s) 92, 
objective 95, and cameras 64 so that the optical ar- 
rangement is maintained, while the focus of the system 
40 relative to the termination endface 21 * is changed. Thus, 
all elements of the feature imager 38 and the boundary 
segment imager 36 are part of a common metrology 
frame that is moved by the FAM 39 with respect to the 
termination endface 2V. A suitable FAM 39 is a piezo- 
45 electric translator, for example but not limited to, a nnodel 
P721.00 piezoelectric translator manufactured by 
Physik Instrumente. Germany. 

The machine vision system 34 can be any suitable 
logic, processor, computer, or combinatkin thereof, as 
so previously described, that can analyze the images gen- 
erated by the imaging system 32 and that can control 
the focus of the imaging system 32 via control of the 
FAM 39. In the preferred embodiment, the machine vi- 
sion svstem 34 combines the boundary segment imag- 
55 es with the feature image to generate the combined im- 
age for eccentricity analysis. 



10 



BNSDOCID: <EP ^07Sa742A2J.> 



19 

R Fourth Embodiment Of The Inspection System 

A fourth embodiment of the automatic inspection 
system 30 of Fig, 2 is illustrated in Fig. 6 and generally 
denoted by reference numeral 30d. 

In the inspection system 30d, each of the one or 
more boundary segment imagers 36 and the feature im- 
ager 38 share hardware. Specifically, the imaging sys- 
tem 32 comprises an objective 101 centered about and 
along an z axis aligned with the termination 21 for re- 
ceiving a feature image and the one or more boundary 
segment images. In the preferred embodiment, the ob- 
jective 101 has the largest NA possible for fields of view 
of about 2.7 mm and a magnification of about lOx. 

A camera 64a is positioned to receive the feature 
image from the objective 101 , and one or more cameras 
64b are positioned to receive a corresponding boundary 
segment image from the objective 101. In turn, each 
camera 64a, 64b converts its corresponding image into 
an electrical signal that is passed to the machine vision 
system 34. as is indicated by the reference arrow 45. 
The cameras 64a, 64b are essentially custom made 
CCD devices, each being basically the same size and 
each preferably having a scan of 480 x 32 pixels. 

The imaging system 32 is secured to a FAM 39, 
which is controlled by the machine vision system, as in- 
dicated by the reference arrow 78. The FAM 39 moves 
the imaging system 32, including the objective 101 and 
cameras 64a, 64b. along the zaxis aligned with the ter- 
mination 21 for focusing the objective 101 on the termi- 
nation endface 21 A suitable FAM 39 is a piezoelectric 
translator, for example but not limited to, a model 
P721.00 piezoelectric translator manufactured by 
Physik instrumente. Germany. 

The machine vision system 34 can be any suitable 
logic, processor, computer, or combination thereof, as 
previously described, that can analyze the combined im- 
age generated by the imaging system 32 and that can 
control the focus of the imaging system 32 via control of 
the FAM 39. In the inspection system 30d, the machine 
vision system 34 reads in data signals from all of the 
cameras 64a, 64b as if all of the cameras 64a, 64b were 
a single CCD device to create a combined image of 480 
X 480 pixels. In other words, the output from each cam- 
era 64a, 64b represents a portion of the combined im- 
age. 

III. ALIGNMENT OF THE TERMINATION ENDFACE 

In order to capture appropriate images for analysis 
by the machine vision system 34, the termination end- 
face 21' should be appropriately aligned with the imag- 
ing system 32 of the corresponding inspection system 
(Figs. 2-6). The temnination endface 21' can be aligned 
with the imaging system 32 using any of numerous pos- 
sible mechanical mechanisms that are known in the an. 
Several feasible embodiments for alignment are de- 
scribed hereafter, as examples. 
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A. First Embodiment For Alignment 

In a first embodiment for alignment, the termination 
endface 21 * is aligned with the imaging system 32 using 

5 a V-shaped block. An example of the V-shaped block is 
illustrated and described in U.S. Patent No. 4,738,508 
to Palmquist. The V-shaped block Is disposed to align 
the termination endface 21' along the x, yaxes. Moreo- 
ver, a rim may be disposed at an end of the block or a 

10 protrusbn may be disposed to extend outwardly from a 
support surface of the V-shaped block to serve as a stop 
for the termination endface 21 so as to align the termi- 
nation endface 21 ' along the zaxis. 

IS B. Second Embodiment For Alignment 

In a second embodiment for alignment, the termi- 
nation endface 2V is aligned with the imaging system 
32 using an alignment body, such as a cylindrical sleeve, 
having a cylindrical aperture for receiving and guiding 
the alignment surface 22"* of the termination 21 . The ap- 
erture aligns the termination endface 2ralong the x, y 
axes. Moreover, a rim may be disposed at an end of the 
body or a protrusion may be disposed to extend out- 
wardly from a surface defining the aperture to serve as 
a stop for the termination endface 21 ', so as to align the 
termination endface 21 ' along the z axis. 

C. Third Embodiment For Alignment 

A third embodiment for alignment of the termination 
endface 21 ' is the best mode known at present for prac- 
ticing the present invention. It enables lighting of the ter- 
mination endface 21' without the need for launching light 
through the fiber 24. Further, it is particularly suited for 
a ferrule termination 21, because it accommodates for 
the bevelled chamfer 22", i.e., for the situation where 
the boundary segment(s) and the feature are in different 
focal planes. Moreover, the third embodiment is partic- 
ularly suited for use with four boundary segment imag- 
ers 36, although a lesser number can be utilized, as will 
be apparent from the discussion hereafter. 

The third embodiment for alignment uses a novel 
alignment apparatus 110, as is illustrated in Figs. 7A, 
7B, and 7C. In structure, the alignment apparatus 110 
comprises a plurality of rigid alignment arms, preferably 
four alignment arms 111a- 11 Id. From the front view in 
Fig. 7A. each of the alignment arms 11 1a-1 lid appears 
as a body spanning the area of a quarter circle. The 
alignment arms 11 la- 11 Id have distal ends 113a-113d, 
respectively, and mounted ends 114a-114d, respective- 
ly. As further shown in Fig. 7A, the alignment arms Ilia- 
Hid are spaced apart via spacings 116, and each of the 
distal ends 113a-113b converges toward and defines a 
throughway, or aperture, 118. The aperture 118 has a 
diameter that is larger than the diameter of the fiber end- 
face 24' and that is smaller than the diameter of the plug 
endface 22' so that the plug endface 22' engages the 
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distal ends 1 1 3a-1 1 3d of the respective alignment arms 
111a-111d, while the fiber endface 24' and a portion of 
the plug endface 22' therearound is fully exposed. Thus, 
the distal ends 113a-113d of the alignment arms 111a- 
11 Id position the termination endface 21' along the lon- 
gitudinal z axis of the termination 21 relative to the im- 
aging system 32. 

In the preferred embodiment, the radius (typically, 
18 mm nominal) of curvature of the distal ends 11 Sa- 
il 3d of the alignment arms 111a-111d is generally the 
same as that for the plug endface 22' so that the distal 
ends 1 1 3a-1 1 3d firmly engage the plug endface 22' in a 
surface-to-surface manner without damage (e.g., mar- 
ring, indentation, etc. ) to the plug endface 22*. The 
aforementioned construction is illustrated in Fig. 7B at 
reference numeral 126. 

The alignment arms llla-111d can be mounted in 
any suitable manner, but are preferably mounted to a 
rigid stationary plate 122 at their mounted ends li4a- 
114d The stationary plate 122 has a substantially cir- 
cular orifice 1 24 with an appropriate diameter to permit 
passage of the temiination 21 therethrough so that the 
plug endface 22' can be engaged by the distal ends 
1 1 3a- 1 1 3d of the alignment anms 1 1 1 a- 1 1 1 d. The center 
of the plate orifice 124 is substantially aligned with the 
center of the aperture 118. In the preferred embodiment, 
the plate orifice 1 24 measures about 2.5 mm in diameter 
and is positioned about 2 mm away from the inside sur- 
face of the arms 111 at the aperture 118. 

In order to align the termination endface 21' along 
the X, y axes relative to the imaging system 32, the rear 
surface of the stationary plate 122 is equipped with an 
elongated cylindrical split sleeve 1 27 having opposing 
sleeve halves 127a, 127b, as shown in Fig. 7C. The 
sleeve 127 can be made from any rigid material and is 
secured to the plate 1 22 via any appropriate mechanism 
or bonding agent or is produced as an integral part of 
the plate 122. The plate orifice 124 is aligned with the 
intemal throughway defined by the sleeve 127 so that 
the termination 21 can be inserted within the sleeve 127 
and through the orifice 1 24 and the alignment surface 
22"' is guided by the sleeve halves 127a, 127b and ori- 
fice 124 along the x, y axes. 

As a result of the configuration of the alignment ap- 
paratus 110, when the termination 21 is engaged with 
the alignment apparatus 110, the fiber endface 24' is 
aligned in along the z axis by the arms ill and along 
ihe X, yaxes by the sleeve 127, and furthermore, the 
fiber endface 24' (as well as a portion of the plug endface 
22' therearound and the core endface 28') and four 
boundary segments 125a-125d are entirely exposed to 
the imaging system 32 (Fig. 2). 

IV. LIGHTING OF THE TERMINATION ENDFACE 

In order to capture appropriate images for analysis 
by the machine vision system 34 (Figs. 2-6), the termi- 
nation endface 21 ' should be sufficiently illuminated with 



light from a natural or artificial source. Several examples 
of possible lighting arrangements are described hereaf- 
ter. 

5 A. First Embodiment For Liohting 

A first embodiment for lighting is suitable for any 
type of termination 21 . including both the ferrule and bi- 
conic terminations 21. In the first embodiment, light is 

-io launched through the optical fiber 24 toward the termi- 
nation endface 21' under test using any suitable light 
source. The light may be launched from another tenmi- 
nation 21 of or other interface to the optical fiber cable 
having the termination endface 21' under test. With this 

'5 lighting configuration, the regions of the core endface 
28'. the fiber endface 24*, plug endface 22', alignment 
surface 22"', and background surrounding the alignment 
surface 22"" will exhibit varying degrees of light intensity 
and clear lines of demarkation exist between the afore- 

20 mentioned regions. These clear lines of demarkation 
enable accurate determination of the eccentricity of the 
core endface 28' relative to the alignment surface 22"'. 
Although the foregoing lighting configuration works well, 
it may sometimes be impractical to launch light along 

2B the fiber 24 toward the termination endface 21 V 

B. Second Embodiment For Lighting 

A second embodiment for lighting is suitable and 
30 practical for a termination 21 having a plug made from 
an opaque material or material that does not transmit 
an appreciable amount of light. Biconic terminations 21 
typically have a plug made from epoxy or plastic, which 
both do not propagate light very well, and therefore, this 

35 lighting embodiment can be used effectively in connec- 
tion with the biconic termination 21 . However, this light- 
ing embodiment is not desirable for the ferrule termina- 
tion 21 , because a ferrule termination 21 typically has a 
plug nnade from zirconia (Zr203) or alumina (AI2O3), 

40 which both are highly reflective of light. The intensity of 
light reflected from the Zr203 or AI2O3 is often sufficient 
to saturate the camera CCD element and reduce its abil- 
ity to produce an image that alkjws discrimination of the 
core boundary. 

45 Generally, in the second embodiment for lighting, 
light is projected directly at the termination endface 21 ' 
from any or all angles relative to the longitudinal z axis 
of the termination 21 . With this lighting configuration, the 
regions of the core endface 28', the alignment surface 

so 22"', and background surrounding the alignment su'face 
22"' will exhibit varying degrees of light intensity, ind 
clear lines of demarkation exist between the aforeirsen- 
tioned regk^ns. These clear lines of demarkation enable 
accurate determination of the eccentricity of the core 

BB endface 28' relative to the alignment surface 22"'. 
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C. Third Embodiment For Uahting 

A third embodiment for lighting of the termination 
endface 21 ' does not require the launching of light along 
the fiber 24 toward the endface 21 ' and is the best mode, 
known at present, for practicing the present invention. 
The third embodiment is particularly suited for the third 
embodiment for alignment, i.e., the alignment apparatus 
1 10 of Figs. 7A-7C, when used in connection with a ter- 
mination 21 having a plug made from a translucent ma- 
terial or material capable of some degree of light trans- 
mission. Ferrule terminations 21 typically have a plug 
made from zirconia (Zr203) or alumina (AI2O3), which 
both can propagate light, and therefore, this lighting em- 
bodiment can be used effectively In connection with the 
ferrule termination 21 . 

The third embodiment for lighting comprises a plu- 
rality of light sources 1 28, for example but not limited to, 
fiber optic bundles, situated over the alignment arms 
111a-111d of the alignment apparatus 110 so that light 
passes through the spacings 116 and aperture 118 and 
impinges upon the boundary segments 125a-125d and 
upon the plug endface 22', fiber endface 24', and core 
endface 28'. In the preferred embodiment, there Is one 
light source situated over each spacing 116 and ex- 
posed at an angle a from an z axis passing through the 
termination endface 21 . The angle a is preferably great- 
er than about 70° because the acceptance angle of the 
fiber 24 is less than 5°. Because of the foregoing con- 
figuration, the fiber 24 absorbs virtually no light, and light 
impinging upon the termination endface 21' from the 
light sources 128 is scattered throughout the plug 24 
and cladding 27 of the fiber 24. The scattering light pass- 
es back out from the beveled chamfer 22" and the plug 
endface 22', and the cladding 27 endface, but does not 
scatter from the core endface 28'. A reason that light 
does not scatter out from the core endface 28' is that 
the light propagation characteristics of the core 28 are 
much different than those of the cladding 27 and the plug 
22. In other words, the core endface 28' appears much 
darker than the surrounding cladding and plug. Further- 
more, the stationary plate 122 is equipped with the plate 
orifice 124 having an appropriate size to prevent light 
from approaching the core 28 at a low enough angle to 
enter the core 28 and reflect back from a remote end 
toward the termination endface 21' under test. 

The combination of the novel alignment apparatus 
110 and its associated light sources 1 28 has the follow- 
ing advantages. The fiber endface 24' is directed to a 
predetermined position with respect to the inspection 
system (Figs. 2-6). The alignment apparatus 110 does 
not make any physical contact with the fiber endface 24'. 
The endface boundary of the alignment surface 22"* of 
the termination 21 does not have to be in the same focal 
plane as the fiber endface 24' and simultaneous imaging 
can still take place. Finally, the fiber core 24 does not 
have to be illuminated from another end of the termina- 
tion 21 under test. 



V. COMBIMED IMAGES 

The combined images that can be captured and 
generated by the imaging system 32 (Figs. 2-6) of the 
s inspection system (Figs.2-6) wilt now be described. The 
connbined images enable accurate computation of the 
offset of the object feature relative to the boundary of 
the object, and particu larly, in the case of the termination 
21 , the eccentricity of the core endface 24' relative to 
10 the alignment surface 22*". despite the fact that the 
alignment surface 22"' is much larger than the core end- 
face 24*. Indeed, the alignment surface 22"' typically 
measures about 2500 microns In a ferrule termination 
21 , whereas the core endface 24' measures between 
about 8 and about 50 microns. Furthermore, it should 
be noted that the images described hereafter may be 
displayed on the output device 46 (Fig. 2} by the ma- 
chine vision system 34 (Figs. 2-6), if desired, with addi- 
tional overlay images, if desired. 

Fig. 8 schematically shows the termination endface 
21 ' with an overlay of the feature Image 1 31 that Is cap- 
tured by the feature Imager 38 (Fig. 2). As shown, the 
feature Image 131 Is large enough to encompass the 
fiber endface 24' (both the core endface 28' and the 
cladding endface 27*) and a portion of the surrounding 
plug endface 22', but is not sufficiently large enough to 
capture the entire termination endface 21' and, particu- 
larly, the alignment surface 22"'. The one or more 
boundary segments imagers 36 (Fig. 2) are configured 
to capture a respective boundary segment image 133a- 
133d that includes respective boundary segments 
125a-125d. In the case when more than one boundary 
segment imager 36 is employed, the boundary segment 
imagers 36 should be positioned to capture boundary 
segment images 133 that are spaced symmetrically 
about the core endface 28*. In the preferred embodi- 
ments, four boundary segment imagers 36 are utilized, 
and they are configured to capture the boundary seg- 
ment images 1 33a-1 33d. as shown in Fig. 8. 

Figs. 9A-9D show various combined images 136a- 
136d, as nonlimiting examples, to illustrate the varia- 
tions in combined images that can be retrieved by the 
inspection system 30. depending upon the particular im- 
plementation (systems 30a, 30a'. 30C: 30d). Any of the 
images 1 36a-1 36d can be utilized by the machine vision 
system 34 to determine the offset, or eccentricity. 

More specifically, Figs. 9A and 98 illustrate respec- 
tive combined images 136a, 136b having a single 
boundary segment image superimposed over a feature 
image. To generate the foregoing Image, a single 
boundary segment imager 36 (Fig. 2) and a feature Im- 
ager 38 (Fig. 2) are. utilized. Fig. 9A shows a combined 
image 1 36a derived from a core image 1 31 and an in- 
verted boundary segment innage 1 33. whereas Fig. 98 
shows a combined Image 1 36b derived from a core im- 
age 1 31 and a noninverted boundary segment image 
133. 

Figs. 9C and 90 show combined innages 1 36c, 1 36d 
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with lour boundary segment Images 133 superimposed 
over the feature image 1 31 , in accordance with the pre- 
ferred embodiments. Fig. 9C shows the best mode of 
the invention and shows a combined Image 1 36c de- 
rived from a core Image 1 31 and four Inverted boundary 
equally-spaced segment Images 133a-133d. Fig. 9D 
shows a combined image 1 36d derived from a core im- 
age 131 and four noninverted equally-spaced boundary 
segment images 133a-133d. As mentioned, utilization 
of more than one boundary segment image 1 33 enhanc- 
es the accuracy of the eccentricity calculation. 

Finally, it should be noted that the inspection sys- 
tems 30a. 30a' (Figs. 3A, 3B, respectively) are config- 
ured to capture and generate the images 136a, 136c 
(Figs. 6 A, 6C, respectively), whereas the inspection sys- 
tems 30c, 30d (Figs. 5, 6, respectively) capture and gen- 
erate the images 1 36b, 136d (Figs. 6B, 6D, respective- 
ly) 

VI INSPECTION METHOD 

A novel inspection method 140 for configuring and 
driving the machine vision system 34 (Figs. 2-6) is set 
forth in Figs. 7A through 7B. In essence, the inspection 
method 140 causes the inspection system 30 to focus 
the imagers 36, 38 on the object under test, analyzes 
the captured combined Image 1 36, and determines the 
eccentricity based upon tne location or tne boundary 
segment(s) 125 relative to the core endface 28' within 
the combined image 1 36. 

Initially, as indicated in the flow chart block 141 , the 
termination endface 21 ' is presented to the imaging sys- 
tem 32 (Fig. 2-6) of the inspection system 30. If a ferrule 
termination is to be tested, then the alignment apparatus 
1 10 (Figs. 7A, 7B) is preferably utilized to align the ter- 
mination endface 21*. An input is also provided to the 
system 30 by the user to indicate whether the termina- 
tion endface 21 * corresponds to an ideal termination 21 
(i.e,, a reference termination with substantially zero ec- 
centricity) or a termination 21 to be tested. Obviously 
the system 30 can be configured to assume a test ter- 
mination, unless otherwise specified by the user. If an 
ideal termination endface 21' is present, then the algo- 
rithm 140 will perform a calibration routine, as will be 
described hereinafter. 

Next, a combined image 1 36 is acquired and stored 
by the machine vision system 34, as denoted in the flow 
chart blocks 142, 143, 144a. In order to acquire the Im- 
age with optimal focus, the FAM 39 is utilized to move 
the Imagers 36, 38 relative to the termination endface 
21' by increments, and after movement by each incre- 
ment, the focus of the combined image is checked via 
gradient analysis. The gradient is the change, or differ- 
ence in value, between a pixel value and the value of 
an adjacent pixel along a particular direction. Preferably, 
the FAM 39 is initialized so that the imagers 36, 38 are 
located the furthest distance away from the termination 
endface 21 \ and then the imagers 36, 38 are moved 
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incrementally toward the termination endface 21', while 
monitoring gradient changes in the combined image 
136. 

After it is determined that the focus peak has been 
s passed after movement by an increment, the FAM 39 Is 
controlled to move the imagers 36. 38 back to the opti- 
mal focus position, as is indicated in the flow chart 
blocks 143, 144b. 

The core endface center C(Xo, yo) (either C|^eai 
10 c,est) the core endface 28' is calculated and the center 
x,y coordinates are saved, as denoted in flowchart block 
145. The center C(Xo. yo) is identified using any appro- 
priate analysis of the combined image 1 31 , for example, 
gradient analysis. Furthermore, the coordinates x,yare 
75 based upon the Image boundary of the combined image 
131. 

As delineated in the flow chart block 1 46, a search 
area 1 35 (Figs. 9A-9D) is defined in the combined image 
131 for each of the boundary segments 125 that exist 
20 in the combined innage 136. In the preferred embodi- 
ments, each search area 1 35 is a region having a circu- 
lar side and a linear side and is disposed within the 
boundary of the fiber endface 24'. One reason that each 
search area 135 is confined to a region within the outer 
2S boundary of the fiber endface 24* is that this placement 
minimizes possible adverse effects resulting from noise 
that will exist around the fiber boundary. Moreover, in 
the best mode, there are four search areas 1 35a-1 35d 
that are defined equidistant about the image of the core 
30 endface 28' for the purpose of searching for each of four 
boundary segments 125a-125d. respectively 

Next, as indicated in the flow chart block 147. local- 
ized gradient searches are performed via normal scans 
across each search area 135 In order to identify the lo- 
3S cation of the boundary segment 1 25 within each search 
area 135. More specifically lines that are transverse to 
the boundary segment 125 are scanned and analyzed 
by examining the changing gradient between adjacent 
pixel values. From the foregoing analysis, the location 
40 of the boundary segment 125 can be identified in each 
search area 1 35. 

In order to ensure the integrity of the determination 
of the boundary segment location, the inspection meth- 
od 1 40 ensures that the outer boundary segmenl{s) 1 25 
45 are In optimal focus. In order to ensure optimfei focus, 
the gradient searches are perfomned iteratively after the 
FAM 39 has been adjusted to move the Imaging system 
32 along the z axis, and after each adjustment by the 
FAM 39, the gradients for each search area 1 35 are 
so summed and compared to a previous value in order to 
determine a peak value. Once a peak value has been 
identified by passing the peak value, the FAM 39 Is 
caused to retract so that the optimal focus point is 
achieved for the outer boundary segments 125. The 
55 foregoing process is indicated In flow chart bbcks 
148-151. 

As indicated In the flow chart block 1 52. a curve (e. 
g., circle, ellipse, etc.) is fitted in two dimensions (in x. 



EP 0 758 742 A2 



14 



BNSOOCID: <EP ^075e742A2^L> 



27 



EP 0 758 742 A2 



28 



/plane) to each boundary segment 125 by iteratively 
scanning through several fits and choosing the one with 
the least squares error. In the preferred embodiment, a 
circle of a known diameter (in the best mode. 2.5 mm) 
is fitted to each boundary segment. 

After a curve has been fitted to each boundary seg- 
ment 125, a determination is made as to whether the 
termination 21 is an ideal termination 21 or a test termi- 
nation 21 . as indicated in flowchart block 154. The ideal 
termination 21 is used for calibration of the inspection 
system 30 and is basically a temnination 21 with minimal 
eccentricity (as close to zero as possible), as deter- 
mined by any other suitable process, such as any of 
those indicated in the background section of this docu- 
ment. The presence of an ideal termination is input to 
the machine vision system 34 by the user during initial- 
ization of the inspection system 30, as indicated in the 
flowchart block 141. 

If an ideal termination 21 is present, then the inspec- 
tion method 140 performs a calibration method, as indi- 
cated in flow chart block 1 55 and then transfers back to 
flow chart block 141 and remains ready for analysis of 
a test termination 21, if desired. Alternatively, if at flow 
chart block 1 54 a test termination 21 is present, then the 
inspection method 140 determines the eccentricity us- 
ing an eccentricity determination method, In accordance 
with flow chart block 1 56, and then the method 1 40 con- 
cludes. First and second embodiments for the calibra- 
tion and eccentricity detennination procedure are de- 
scribed hereafter 

A. First Embodiment For Calibration And Eccentricity 
Determination 

The manner in which the eccentricity is determined 
depends upon the manner in which the inspection meth- 
od 1 40 Is calibrated. The first embodiment for calibration 
and eccentricity determination will be described with ref- 
erence to Figs. 11-13. In this regard, a calibration meth- 
od 1 55' is shown In Fig. 1 1 , and a corresponding eccen- 
tricity determination method 156' is illustrated in Fig. 12. 
The second embodiment for calibration and eccentricity 
determinatbn will be described with reference to Figs. 
1 4-1 6. In this regard, a calibration method 1 55" is shown 
in Fig. 14, and an eccentricity determination method 
156" is illustrated in Fig.15. It should be noted that the 
second embodiment for calibration and eccentricity de- 
termination constitutes the best mode known at present 
for practicing the present invention. 

1 . Calibration Method 

The calibration method of the first embodiment is 
shown in Fig. 1 1 and is denoted by reference numeral 1 55'. 
With reference to Fig. 11 , the calibration method 155' es- 
tablishes an ideal termination endface center Tyea,(x-,, y^) 
for the ideal termination 21. pursuant to flow chart block 
1 55a'. Fig. 1 3 graphically illustrates the ideal core endface 



center Cj^|(Xo. yo) (detenmined earlier as Indicated in flow 
chart block 1 45 of Fig. 10A) and the ideal tenmination end- 
face center Tj^eail^i . y i ) as well as other graphical features 
that will be referred to hereafter. The ideal terminatbn end- 
5 face center Tjdeai(^i . Vi ) determined as follows. If there 
is only one fitted cun/e (i.e., only one boundary segment 
Image) from the previous step indicated at ftow chart block 
152 (Fig. 10A), then the ideal termination endface center 
Tideai(Xi » Vi) the center of the single fitted cun/e. In con- 
10 trast, if there is more than one fitted cun/e. then the center 
for each fitted curve is determined, and the ideal tennina- 
tion endface center Tj^jeail^i' V^) ^^^^ tenmination 
endface 21* is determined by any suitable mathematical 
average of fitted cun/e centers. Next, as denoted In flow 
IS chart block 155b' of Fig. 12 and as further shown in Fig. 
13, the ideal core endface center Ci^jeai(Xo, yo), vvhrch was 
determined earlier as indicated In flow chart block 145 of 
Fig. 10A, is retrieved, and a distance vector dj^^^j (vectors 
are indicated in bok:! herein; each vector has a magnitude 
20 and directon) between the ideal core endface center Cj^jg^i 
(Xq, y^) and the ideal termination endface center Tjj^|(Xi , 
y^ ) is computed. The distance vector dj^^ai '® saved as an 
ideal reference for use in future eccentricity analysis of oth- 
er test terminations 21 > as Indicated in flow chart block 
2S 1 55c'. Finally, the inspection method 1 40 transfers back to 
flow chart block 1 41 and remains ready for analysis of a 
test termination 21 , if desired. 

2. Eccentricity Determination Method 

30 

The eccentricity determination method of the first 
embodiment is set forth in detail in Fig. 1 2 and is denoted 
by reference numeral 156'. A termination endface center 
TtestC^i't y/) is Initially established for the termination 

35 endface21 undertest, pursuant to flow chart block 156a' 
of Fig. 12 and as illustrated In Fig. 13. If there Is only 
one fitted cun/e, then the termination endface center 
Ttest(^i'' Vi*) '® center of the fitted curve. In contrast, 
if there are more than one fitted curves, then the center 

40 for each fitted curve is determined, and the terminatran 
endface center Tj^|(x-,', y/) center of the test termina- 
tion 21 Is determined by any suitable mathematical av- 
erage of fitted curve centers. Note that in the case of a 
single fitted curve for locating the termination endface 

45 center Tjest(Xi y^ '), the boundary points should be fitted 
exactly to the boundary image to allow for possible di- 
ameter variation of the termination boundary. This re- 
striction does not apply to the best mode because in the 
best mode curves are fitted to multiple boundary seg- 

so ments, and this feature enables averaging out any pos- 
sible termination diameter variations. 

Next, as indicated In flow chart bkx:k 156b' of Fig. 
12 and as further shown in Fig. 1 3. the actual core end- 
face center O^Q^^{XQ, Xq) is retrieved, and a distance vec- 

55 tor dies, between the core endface center C,est(Xo'' yo') 
and the termination endface center T,q3((Xi ', ') is com- 
puted. Furthermore, as denoted in flow chart block 
156c', the eccentricity vector e is determined by com- 
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puting the absolute value of the difference between the 
distance vector d,^, and the ideal reference distance 
vector djrfeai. <itest-dideai ' 1"^© eccentrlcity is then 
determined from the eccentricity vector e as the magni- 
tude thereof. If the magnitude Is determined in terms of 
pixels, then it can be converted, if desired, from pixels 
to an absolute distance (e.g., microns). It should be not- 
ed that the distance vectors dj^eah ^'test can be repre- 
sented in or converted to terms of absolute linear dis- 
tances (e.g., microns) prior to the eccentricity vector de- 
termination so that the eccentricity vector determination 
directly yields a magnitude in terms of absolute dis- 
tance. 

The angle of the eccentricity vector e is also of rel- 
evance in that it represents the spatial relationship of 
the pixels CtestW. Vo) and CjdeaiW' Vo') and can be 
identified from the distance vectors and displayed on the 
output device 46 (Fig. 2). if desired, 

B. Second Embodiment For Calibratbn And Eccentricity 
Determination 

The second embodiment for calibration and eccen- 
tricity determination is now described with reference to 
Figs. 14-16. Specifically, a calibration method 155" is 
shown in Fig. 14, and a corresponding eccentricity de- 
termination method 156* is illustrated in Fig. 15. The 
second embodiment for calibration and eccentricity de- 
termination constitutes the best mode known at present 
for practicing the present invention. Unlike the first em- 
bodiment, the second embodiment accounts tor and 
corrects nonlinearities in the imaging system 32 (Fig. 2). 
resulting from the fact that the combined image 1 36 con- 
tains information collected from separate optical imag- 
ers 36, 38, and thus optimally relates the position of the 
boundary segments 1 25 to the core endface 28'. 

To practice the second embodiment, the imaging 
system 32 should have two or more boundary segment 
imagers 36, but preferably an even number to simplify 
the mathematics. Further, for purposes of simplicity in 
this discussion, the second embodiment will be de- 
scribed hereafter with reference to four boundary seg- 
ment imagers 36 and an orthogonal Cartesan coordi- 
nate system x, y, z, which constitutes the preferred em- 
bodiment and best mode. 

1 . Calibration Method 

The calibration procedure of the second embodi- 
ment is shown in Fig. 1 4 and is denoted by reference 
numeral 155". Initially, at this point in the inspection 
method 140, an ideal termination 21 is exposed to the 
imaging system 32 and is in focus (fixed with respect to 
the alignment apparatus 110 along zaxis). 

As delineated in the flow chart block 1 55a". a trans- 
formation map is created from the ideal termination 21 
and stored for future reference. The transformation map 
is essentially a device for comparing the characteristics 



of an ideal termination 21 to another termination 21 to 
be tested. Structurally, the transformation map can be a 
lookup table or a mathematical equation implemented 
by the inspection method 1 40. To create the transfomna- 

5 tion map. a series of measurements is performed with 
the inspection system 30 in which the termination 21 Is 
sequentially moved to a multiplicity of y locations in 
the field of view of the imaging system 32 with an ad- 
justment mechanism, and data pertaining to each 

10 boundary segment 125 and core endface 28' is stored 
for each location. 

Any appropriate adjustment mechanism (not 
shown) can be employed for moving either the align- 
ment apparatus or the imaging system 32 so that the 

IS termination endface 21 ' can be systematically moved by 
the user in an y plane to cause the core endface 28' 
to appear anywhere in a predefined image area in the 
X. y plane. For example, the adjustment mechanism 
could simply be a mounting bracket that permits manual 

20 movement of the alignment apparatus 110 or the imag- 
ing system 32 by the user. In the preferred embodiment, 
the adjustment mechanism is employed in connection 
with the alignment apparatus 1 1 0, and the alignment ap- 
paratus 110 can be moved along the x, yaxes, while the 

25 termination endface 21' remains in focus along the zax- 
is. 

As set forth in flow chart blocks 155b"-155f", the 
transformation map is derived as follows. As indicated 
in flow chart block 155b", the ideal termination 21 is 

30 moved to a location in the x, y plane with the adjustment 
mechanism. The ideal core endface center Ci^^eaK^O' Vo) 
is identified via any suitable gradient search analysis, 
pursuant to flow chart block 155c". After identifying the 
ideal core endface center C^^jixo Vo)' radial lines are 

35 drawn outwardly from the center CideaiC^o- Vo)' o"® f^^'^' 
line corresponding with each boundary segment 125, in 
accordance with flow chart block 1 55d". The radial lines 
are preferably spaced symmetrically about the Cj^^aK^' 
yo). Moreover, as indicated in the flow chart block 1 55e", 

40 the center of the fitted curve corresponding to each 
boundary segment 1 25 is positioned in virtual space on 
the corresponding radial line. Further, the pixel positions 
where the radial lines intercept the fitted cun/es are iden- 
tified, as indicated in the flow chart block 155f", and 

45 these intercept positions are stored as well as the core 
position of the core endface 28' are stored tor the par- 
ticular termination location. A new location is selected, 
and the aforementioned procedure is repealed until a 
sufficiently complete transformation map has been con- 

50 structed. 

Creation of the transformation map in connection 
with the preferred embodiment occurs as follows. As 
graphically illustrated in Fig. 16. in the preferred embod- 
iment where there are four boundary segments 125a- 

55 1 25d that are spaced symmetrically about the C|^e3|(Xo, 
^q), radial lines 1 57a-1 57d are defined in the image 1 31 . 
in fact, preferably, a single vertical line (comprising ra- 
dial lines 157b. 157d) and a single horizontal line (com- 
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prising radial lines 157a, 157c) are defined so that they 
are perpendicular to each other and so that their inter- 
section is positioned on the ideal core endtace center 
Cjdeai(Xo. Vo)- Then, the centers of the fitted curves cor- 
responding to the four boundary segments 125 are po- 
sitioned in virtual space so that they reside on one of the 
lines. Thus, the centers of curves corresponding with 
boundary segments 125b, 125d are positioned on the 
vertical line 157, and the centers of curves correspond- 
ing with boundary segments I25a, 125c are positioned 
on the horizontal line 158. Next, the intercept values x^', 
X3*, yi', and y3 , where the respective radial lines 157c, 
157a, 157d, 157b intersect the respective boundary 
segment curves 125c, 125a, 125d. 125b, are identified. 
Finally, the intercept values x-,', X3', y^', and y3'as well 
as the core location of the core endtace 28* are stored 
for the particular termination location. A new location is 
selected, and the aforementioned procedure is repeat- 
ed until a sufficiently complete transformation map has 
been constructed. 

Once the optical system has been characterized in 
this manner by the transformation map, the ideal termi- 
nation 21 is moved with the adjustment mechanism so 
that its core endface 28' appears near the center of the 
image space. For example, if the image space is 480 x 
512 pixels, then the Ideal core endface center Cj^jeaj(xo, 
yo) is positioned at the 240th pixel along the y axis and 
at the 256th pixel along the x axis. Then, the adjustment 
mechanism is stabilized and fixed at this location for fu- 
ture operation of the inspection system 30 so that the 
alignment apparatus 1 1 0 and the imaging system 32 are 
fixed along the x, y axes, in accordance with the flow 
chart block 155g". 

2. Eccentricity Detenmination Method 

The eccentricity determination method in accord- 
ance with the second embodiment is set forth In detail 
in Fig. 12 and is denoted by reference numeral 156". 
The method 1 56" will be described with reference to the 
graph constructed by phantom lines in Fig. 16. In gen- 
eral, with the method 156". a test termination 21 of un- 
known eccentricity is measured using the transfomna- 
tlon map that was constructed using the calibration 
method 1 55" and the ideal termination 21 . 

The core endtace center CtestW- Yo') identified 
via any suitable gradient search analysis, pursuant to 
flow chart block 156a" and as graphically shown in Fig. 
1 6. After identifying the ideal core endface center C^gst 
(Xq', yo'), radial lines are drawn outwardly from the center 
^testW= yo')' radial line corresponding with each 
boundary segment 1 25, in accordance with flow chart 
block 1 56b'. The radial lines are preferably spaced sym- 
metrically about the C^q^^{Xq\ Vq). Moreover, as indicat- 
ed in the flow chart block 1 56c", the center of the fitted 
curve corresponding to each boundary segment 125 is 
positioned in virtual space on the corresponding radial 
line. Further, the pixel positions where the radial lines 



intercept the fitted curves are identified, as indicated in 
the fl9w chart block 156d". The intercept positions are 
indica^d as (x/.yg'). (Xa'.yi'), (X3*, ^2)' ^^d Xg. y^) 'n 
Fig. 16. However, preferably, only the coordinates x/, 
^ X3 . y^'. and y^* are identified, as these are sufficient to 
compute the eccentricity. 

Next, in accordance with the flow chart block 1 56e", 
the eccentricity is computed. First, the quantities e^^ and 
Ey, are calculated from the formulas listed below: 

10 



at the X2 level 

2S where Xi*. X3', y^', and yg' are the positions of the inter- 
cepts of a zero eccentricity termination 21 whose core 
endface 28' is measured at a point coincident with the 
current location of the core endface 28' of the test ter- 
mination 21 . Furthermore, the eccentricity Is determined 
30 by the following equation: 

ecc = Je^"+Tf . 

35 

The eccentricity calculated in the second embodi- 
ment is much more accurate than that computed in the 
first embodiment because the second embodiment cor- 
rects for nonlinearities in the imaging system 32 (Fig. 2) 
40 and optimally relates the positton of the boundary seg- 
ments 125 to the core endface 28*. 

VII. BALANCED FOCUS METHOD 

45 A balanced focus method 160 is illustrated in Figs. 
12A-1 2G. The balanced focus method 160 is applicable 
to an inspection system 30 (Fig. 2) that employs more 
than one boundary segment imager 36 and is imple- 
mented in the best mode of the invention. Essentially, 

50 the balanced focus method 160 is an optimization tech- 
nique for increasing the accuracy of the computation 
and location of the boundary segments 125 (Fig. 8, 9A- 
9D). 

Generally, locating the position of multiple seg- 
55 ments 125 using the machine vision system 134 (Fig. 
2) is most accurate when the segments 1 25 are in sharp 
focus, KB., the gradient between the segment 125 and 
the background is maximized. Small differences in the 
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optical focal length of the several boundary segment im- 
agers 36 can exist. These differences in general mean 
that portions of the object under test will achieve maxi- 
mal gradient at different extensions of the FAM 39. The 
balanced focus method 160 overcomes the foregoing 
problem. 

The balanced focus method 160 is implemented by 
the machine vision system 34 (Fig.2-6) during the step 
in the inspection method 140 (Figs. 10A-10B) denoted 
in flow chart block 147 (Fig. 10A). As described previ- 
ously in the step indicated at the flow chart block 147. 
localized gradient searches are performed in order to 
identify each boundary segment 125. 

Pursuant to the balanced focus method 160.. as de- 
noted in the flow chart block 161 of Fig. 17A. the FAM 
39 is initially adjusted so that the focus of any of the 
boundary segment imagers 36 is before the focus plane 
of any of the boundary segments 125. 

Next, a search area 1 35 is defined for each bound- 
ary segment 125 based upon the actual location of the 
core endface 28', as indicated In the flow chart block 
162. The search areas are preferably spaced symmet- 
rically about the core endface 26*. 

Pursuant to the flow chart block 163, a series of 
combined images 136 are generated and stored by 
moving the imaging system 32 incrementally along a z 
axis aligned with the longitudinal axis of the termination 
21 . During the acquisition of the Images 1 36, the optimal 
focus point for each search area 1 35 as well as the cu- 
mulative optimal focus point for the imaging system 32 
are passed. After retrieving each combined image 1 36. 
gradient searches are performed in each search area 
1 35 to identify the pixel exhibiting the maximum gradient 
for each scan line. 

With respect to the gradient searches in each 
search area 135, pixels having a maximum gradient in 
a scan line are saved, provided that they meet a mini- 
mum threshold, as delineated in the flow chart block 
164. In the preferred embodiment, the minimum thresh- 
old T^i„ = P„in + 0.3 (P^3^ - Pn,in). Where P^a^, is the 
grey scale value (0-255) of the lightest pixel and where 
P^i„ is the grey scale value of the darkest pixel. The 
P^ax s"cl P^jn can be determined using any suitable 
process, for example, a histogram. Furthermore, the 
number of pixels that have a maximum gradient in a 
scan line and that meet the minimum threshold are 
summed for each search area 1 35. In the preferred em- 
bodiment, there are four search areas 135, and hence, 
four sums a, b, c, d, of pixels result from the foregoing 
process. 

In accordance with the flow chart block 165, a 
search is performed through each of the sums to identify 
an optimal focus positk>n for the imaging system 32 
along the 2 axis, as dictated by the FAM 39, for each 
Individual search area 1 35. The optimal focus position 
corresponds to the position where the highest number 
of acceptable pixels (meeting threshold requirements) 
for the particular search area 1 35 Is achieved. 



Next, as indicated in the flow chart block 1 66, a sta- 
tistic S is computed by summing the absolute value of 
the differences bv^ween pairings of all combinations of 
the pixel sums i jr each search area. In the preferred 

5 embodiment, there are four segments 1 25 and four pixel 
sums a, b, c, d, and thus, the statistic S=:la-bl+la-cl+la- 
dl+lb-cl+lb-dl+lc-dl. 

The statistic S exhibits the graph as shown in Fig. 
18. In accordance with the flow chart block 167, the sta- 

10 tistic S is analyzed and the focus position fo where the 
slope of the statistic S is at a minimum is identified. Next, 
a determination is made as to whether each search area 
135 contains enough pixels when the slope of the sta- 
tistic S is minimized. This ensures a reliable fit. Moreo- 

15 ver, the threshold is an arbitrary number, preferably 
based upon empirical data. 

If the answer to the foregoing inquiry Is in the neg- 
ative, then the balanced focus method 160 deviates 
from the statistic S by a minimum FAfy/1 increment toward 

20 the maximum cumulative number of pixels, in accord- 
ance with the flow chart block 168. A determination is 
made as to whether a maximum deviation has been 
reached based upon the number of FAM increments 
moved, as indicated In the flow chart block 169. If the 

2S maximum deviation has not been reached, then the 
method 1 60 returns to the step Indicator in the flow chart 
block 167 to determine whether there are enough gra- 
dient points. In the event that the maximum deviation 
has been reached, then the method 160 terminates, and 

30 an appropriate message can be forwarded via the out- 
put device 46 (Fig. 2) to the user, such as "No solution 
for this sample. Clean sample and retry the measure- 
ments. " The foregoing is Indrcated in the flow chart block 
171. 

35 When it is determined that there are enough gradi- 
ent points based upon the statistic S, as inquired in the 
flow chart block 167, the method 160 then moves the 
FAM 39 to the z coordinate of the optimal minimum sta- 
tistic S, as delineated in the flow chart block 172. 

40 After the FAM 39 has been moved to the z coordi- 
nate, the optimal image 1 36 is acquired, as Indicated in 
the flow chart block 173, for further analysis in accord- 
ance with the further steps of the inspection method 140 
(Figs. 10A-10B). 

45 It Will be obvious to those skilled in the art that many 
modifications and variations may be made to the em- 
bodiments as described without substantially departing 
from the spirit and scope of the present invention. It is 
intended that all such nrK>diflcatk)ris and variations be 

50 included herein within the scope of the present inven- 
tion, as is set forth in the appended claims. 



Claims 

55 

1. A balanced focus system for achieving optimal fo- 
cus of different areas of an object that are concur- 
rently imaged and then combined to form a com- 
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bined image, ccynprising: 

an optical system for concurrently capturing re- 
spective area images of said different areas of 
said object; 

a focus adjustment mechanism adapted to 
change a focus of said optical system relative 
to said object; 

a camera adapted to receive said area images 
and combine said area images to form said 
combined image so that said area images ap- 
pear as portions of said combined image; 
a machine vision system configured to control 
said focus adjustment mechanism and to re- 
ceive from said camera and store a series of 
combined images, each of said combined im- 
ages of said series being captured during a dif- 
ferent focus of said optical system; and 
a balanced focus means associated with said 
machine vision system for determining an opti- 
mal focus for said optical system based upon 
said series of said combined images. 

2. The system of claim 1 , wherein said balanced focus 
means comprises: 

means for defining search areas in each of said 
combined images that encompass and corre- 
spond with said area images; 
means for identifying pixel locations in each of 
said search areas that exhibit a maximum gra- 
dient and that exceed a predetermined thresh- 
old; 

means for determining a number of pixel loca- 
tions that are identified for each of said search 
areas to produce pixel sums corresponding to 
said search areas respectively; 
means for computing a statistic for each of said 
sampling locations by mathematically combin- 
ing said pixel sums; and 
means for determining an optimal sampling lo- 
cation for said optical system based upon a lo- 
cal minimum of said statistrc. 

3. The system of claim 2. wherein said means for com- 
puting said statistic is configured to add together ab- 
solute values of differences between each pairing 
of said sums. 

4. The system of claim 2, wherein said different areas 
are four in number and wherein said statistic is de- 
termined by said means for computing by the fol- 
lowing equation: S=l a-b l+l a-c l+l a-d l+l b-c l+l b- 
d l+lc-d I, where said statistic is denoted by S and 
said pixel sums are denoted by a, b. c, and d. 

5. A balanced focus system for achieving optimal fo- 
cus of different areas of an object that are concur- 



rently imaged and then combined to form a com- 
bined image, the object being imaged by an optical 
system having an objective, comprising: 

s (a) means for generating a series of combined 

images by the following steps: 

(1 ) means for moving said objective incre- 
mentally along an axis relative to said ob- 

10 ject; 

(2) means for concurrently capturing re- 
spective images of said different areas of 
said object with said optical system when 
said objective resides at various sampling 

IS locations along said axis; and 

(3) means for combining said respective 
images corresponding with particular sam- 
pling locations of said objective so that said 
respective images appear as portions of 

20 each of said combined images; 

(b) means for determining an optimal focus po- 
sition for said optical system along said axis 
based upon said series of said combined imag- 
es es. 

6. The system of claim 5, wherein said means for de- 
termining said optimal focus position includes: 

30 (1 ) means for defining search areas in each of 

said combined images that encompass and 
correspond with said image areas; 

(2) means for identifying pixel locations in each 
of said search areas that exhibit a maximum 

35 gradient and that exceed a predetermined 

threshold; 

(3) means tor determining a number of pixel lo- 
cations that are identified for each of said 
search areas to produce pixel sums corre- 

40 spending to said search areas respectively; 

(4) means for computing a statistic for each of 
said sampling locations by mathematically 
combining said pixel sums; and 

(5) means for determining said optimal focus 
4S position based upon a local minimum of said 

statistic. 

7. The system of claim 6. wherein said means for com- 
puting said statistic includes a means for adding to- 

50 gether absolute values of differences between each 
pairing of said sums. 

8. The system of claim 6, wherein said different areas 
are four in number and wherein said means for com- 

55 puting said statistic includes a means for calculating 
the following equation: S=l a-b l+l a-c l+l a-d l+l b- 
c l+l b-d l+lc-d I. where said statistic is denoted by 
S and said pixel sums are denoted by a. b, c, and d. 
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9. A balanced focus method for achieving optinnal fo- 
cus of different areas of an object that are concur- 
rently imaged and then combined to form a com- 
bined image, the object being imaged by an optical 
system having an objective, comprising the steps 
of: 

(a) generating a series of combined images by 
the following steps: 

(1) moving said objective incrementally 
along an axis relative to said object; 

(2) capturing concurrently respective imag- 
es of said different areas of said object with 
said optical system when said objective re- 
sides at various sampling locations along 
said axis; and 

(3) combining said respective images cor- 
responding with particular sampling loca- 
tions of said objective so that said respec- 
tive images appear as portions of each of 
said combined images; 

(b) determining an optimal focus position for 
said optical system along said axis based upon 
said series of said combined images. 



10. The method of claim 9, wherein step (b) comprises 
the steps of: 

30 

(1 ) defining search areas in each of said com- 
bined images that encompass and correspond 
with said image areas; 

(2) identifying pixel locations in each of said 
search areas that exhibit a maximum gradient 55 
and that exceed a predetermined threshold; 

(3) determining a number of pixel locations that 
are identified for each of said search areas to 
produce pixel sums corresponding to said 
search areas respectively; 

(4) computing a statistic for each of said sam- 
pling locations by mathematically combining 
said pixel sums; and 

(5) determining an optimal sampling location for 
said objective based upon a local minimum of 4S 
said statistic. 

1 1 . The method of claim 1 0, wherein said statistic is de- 
termined in step (b)(4) by adding together absolute 
values of differences between each pairing of said sc 
sums. 

12. The method of claim 10, wherein said different ar- 
eas are four in number and wherein said statistic is 
determined in step (e) by the following equation: S=l 5£ 
a-b l+l a-c l+l a-d l+l b-c l+l b-d l+l c-d I, where said 
statistic is denoted by S and said pixel sums are 
denoted by a, b, c, and d. 
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166 



167. 



1 



VERIFY 
THAT EACH SEARCH 
AREA OF INTEREST CONTAINS ENOUGH 
GRADIENT POINTS. AT MATRICE ON COORDINATE DICTATED BY THE 
STATISTIC S. TO PERFORM A RELIABLE FIT 
(EMPERICALLY DETERMINED 
NUMBER)? 



NO 



© 
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FIG. 178 



HOVE FAM TO COORDINATES OF STATISTICS 

i 



ACQUIRE OPTIMAL BAN6E 
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FIG. i7C 



1 



168-^ DEVIATE FRQN STATISTIC S BY MINIMUM FAN INCREMENT TQHAflO 
* ^ MAXIMUM CUHM.ATIVE NUMBER OF POINTS 
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NO SOLUTION FOR THIS SAMPLE. 
aEAN SAMPLE AND RETRY MEASUREMENTS 



8NSIXCID: <6P ^0758742A2_I_> 
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